To clarify the role of HDACs in erythropoiesis, expression, activity and function of class I (HDAC1, HDAC2, HDAC3) and class IIa (HDAC4, HDAC5) HDACs during in vitro maturation of human erythroblasts were compared. During erythroid maturation, expression of HDAC1, HDAC2 and HDAC3 remained constant and activity and GATA1 association (its partner of the NuRD complex), of HDAC1 increased. By contrast, HDAC4 content drastically decreased and © 2014 Elsevier Ltd. All rights reserved.
INTRODUCTION
Histone deacetylases (HDACs) play a major role in the control of cell fate decisions by catalyzing deacetylation of lysine residues on histones and other proteins (Ahringer et al., 2000; Bolden et al., 2006; Delcuve et al., 2012) . The human HDAC family includes 18 isoforms classified on the basis of their sequence similarity to enzymes from Saccharomyces cerevisiae into class I (HDAC1, HDAC2, HDAC3 and HDAC8), class IIa (HDAC4, HDAC5, HDAC7 and HDAC9), class IIb (HDAC6 and HDAC10) (Bolden et al., 2006) , class III (sirtuins) (Haigis et al., 2006) and class IV (HDAC11) (Gao et al., 2002) . Class I HDACs exert their functions as multiprotein complexes, which include transcription factors, that dock the complex to specific DNA sites and regulatory proteins (PKC and ERK) (Ahringer et al., 2000; Bolden et al., 2006; Delcuve et al., 2012) .
Recent studies have implicated complexes including class I HDACs in the control of erythropoiesis. The first complex to be identified was the nucleosome remodeling complex (NuRD), an ATP-dependent chromatin remodeler (Tong et al., 1998) formed by HDAC1 and the erythroid-specific transcription factor GATA1 through the common obligatory partner FOG1 (Miccio et al., 2009 ). Acetylation of HDAC1 inhibits the enzymatic activity of the protein and determines whether the NuRD complex will repress (HDAC1) or activate (acetylated HDAC1) the expression of genes controlled by GATA1 (Yang et al., 2012) . NuRD inhibits amplification of hematopoietic progenitor cells by suppressing expression of the transcription factor GATA2 (Fujiwarw et al., 2010) and promotes erythroid commitment and maturation by activating the expression of erythroid-specific genes (Wada et al., 2009; Gregory et al., 2010) . An important interaction between EKLF and the Mi2β subunit of NuRD may be involved in regulating the restriction point between erythroid and megakaryocytic differentiation in progenitor cells bipotent for the two lineages (Siatecka et al., 2011) . Class I HDACs have also been implicated in the regulation of globin gene expression. Bradner et al provided data suggesting that HDAC1 and HDAC2 are responsible for decreasing the γ/β globin gene expression ratio (Bradner et al., 2010) . Additional studies have clarified that HDAC1 associated with NuRD is responsible for β globin gene activation but is dispensable for activation of γ globin while HDAC3 associated with nuclear receptor co-repressor (NCoR) is responsible for suppressing expression of γ globin (Mankidy et al., 2006) .
Class II HDACs are high molecular weight proteins that shuttle other proteins between the nucleus and the cytoplasm (Sengupta et al., 2004; Lahm et al., 2007) . The role played by class II HDACs in erythroid maturation is overall poorly understood. Preliminary data provided by Watamoto et al. indicate that in murine erythroleukemic cells (MEL) HDAC5 and GATA1 form a complex that is dissociated upon induction to differentiation by N,N-hexamethylenebisacetamide (Watamoto et al., 2003) . Using a loss-offunction approach in mice, Delehanty et al. have shown that HDAC5 is required for activation of the stress pathway in response to erythropoietin (EPO) challenges (Delehanty et al., 2012) and Mai et al. observed that treatment with the class II-selective HDAC inhibitor (HDACi) APHA9 increases the γ/(γ+β) globin gene expression ratio in human erythroid cells . The multiprotein complexes including class II HDACs that control erythroid maturation have still to be characterized.
To clarify the role played by class IIa HDACs in the control of human erythropoiesis, expression and activity of class I and class IIa HDACs during the maturation of erythroblasts generated ex vivo from cord blood or adult blood mononuclear cells was first compared. Next, changes in the levels of association between GATA1 and its NuRD partner HDAC1 during erythroid maturation were determined. Finally, the possibility that in erythroid cells GATA1 and EKLF might be associated with class IIa HDACs was investigated. During erythroid maturation the content of HDAC1, HDAC2 and HDAC3 remained constant. However, the activity and association with GATA1 of HDAC1 increased. By contrast, during erythroid maturation, the content of HDAC4 was greatly reduced. In addition, although the content of HDAC5 remained constant, its activity decreased. In proerythroblasts, a complex formed by HDAC5, GATA1, EKLF and pERK was identified. This complex was not detectable in cells of the megakaryocytic lineage. Although association among HDAC5, GATA1 and EKLF persisted with maturation, the levels of pERK were greatly reduced. Exposure of erythroid cell lines to inhibitors of ERK phosphorylation greatly reduced the total and nuclear content of HDAC5, GATA1 and EKLF. Formation of the complex was also greatly reduced by exposure to class II-selective HDAC inhibitors (HDACi) that also increased γ-globin expression. These results identify a novel HDAC complex, defined as nuclear remodeling shuttle erythroid (NuRSERY) that may represent a new target for epigenetic-based therapy of hemoglobinopaties.
MATERIALS AND METHODS

Human Subjects
Blood buffy coats from 15-23 different normal adult donors (AB) and from 7 low volume cord blood units (CB) were obtained from the Italian Red Cross Blood Bank, Rome, Italy, according to guidelines established by the institutional ethical committee for human subject studies.
Cell Processing
Mononuclear blood cells were separated by centrifugation at 400g × 30′ over FicollHypaque (Amersham-Pharmacia Biotec, Uppsala, Sweden).
Expansion of Human Erythroblasts in HEMA Culture
Human erythroblasts were obtained by culturing for 12-15 days blood mononuclear cells (10 6 cells/mL) in Iscove's modified Dulbecco's medium (IMDM, Mascia Brunelli, Milan, Italy) containing 20% of fetal bovine serum (FBS, Hyclone, Logan, UT, USA), Stem Cell Factor (SCF, 10 ng/mL) (Amgen, Thousand Oaks, CA), EPO (1 u/mL) (Epoetina alfa, Dompè Biotec, Milan, Italy), Interleukin-3 (IL-3, 1 ng/mL) (Bouty, Milan, Italy), dexamethasone (Dex, 10 −6 M) and estradiol (10 −6 M) (both from Sigma), as described (Migliaccio et al., 2002) . Day 12-15 erythroblasts were collected and induced to mature by culture for 4 additional days with EPO (3 u/mL) and human recombinant insulin (10 ng/mL) (Calbiochem, Darmstadt, Germany). In selected experiments, the maturation cultures contained increasing concentrations of APHA9, UBHA24 and SAHA .
Expansion of Human Megakaryocytes (MK)
CD34 pos cells purified from the blood of three adult donors (3 × 10 5 /mL) were cultured for 12 days in serum-free X-Vivo medium (Lonza Walkersville, Inc., Walkersville, MD) supplemented with human IL-3 (3 ng/mL) and TPO (3% of a supernatant of BHK cells molecularly engineered to express the human TPO gene provided by K. Kaushansky). The cultures were replenished with fresh cytokines and medium every 3 days. The cultures generate within 12 days cells expressing high levels of the MK markers CD41a (which recognizes the GPIIb/IIIa complex) and CD42 (which recognizes GPIb) (Varricchio et al., 2012) .
Cell Lines
Two erythroid (K562 and HEL) and two megakaryocytic (CMK and CMY) progenitor cell lines were investigated. The K562 cell line was derived from a patient with chronic myeloid leukemia (Lozzio et al., 1975) and harbors the Philadelphia (Ph) chromosome. The HEL cell line was derived from a patient with Hodgkin's disease who later developed erythroleukemia (Martin et al., 1982) and carry the JAK2V617F mutation (Levine et al., 2005) . K562 and HEL cells were provided by Dr. Papayannopoulou (Washington University, Seattle, WA, USA) on October 29 th 1999 and March 3 rd , 2009, respectively. The CMK and CMY cell lines were established from Down's syndrome patients with acute megakaryoblastic leukemia (Sato et al., 1989; Miura et al., 1998) and carry the G4537A substitution at the intron-exon boundary of exon 2 of GATA1 that leads to synthesize a short form of the protein lacking the first 83 aminoacids of the amino-terminus domain (GATA1s) (Wechsler et al., 2002) . CMK and CMY cells were provided by Drs. B Thompson (Northwestern University, Chicago, IL, USA) and M Weiss (Children Hospital, Philadelphia, PN, USA) in June 2013. All the cell lines were mass expanded upon arrival, cryopreserved in aliquots and stored in liquid nitrogen. All the experiments described in this paper were performed on cells expanded from thawed aliquots of the initial cryopreserved mass culture. Cell lines were cultured in IMDM supplemented with 10-20% FBS, antibiotics (1% penicillin-streptomycin, Lonza) and 1% of L-glutamine (Sigma) at 37°C in humidified atmosphere with 5% CO 2 . Erythroleukemic cells were treated with either with 100 μM of U0126 (ID 50 = 70 nM for ERK1 and = 60 nM for ERK2, cat #9903 Cell signaling) or PD98059 (ID 50 = 2 μM for ERK1 only, cat #9900 Cell Signaling) or Wortmannin (ID 50 = 3 nM for PI-3K, cat #9951 Cell Signaling) for 24 h, unless otherwise stated.
Phenotypic Analysis
Cell maturation was analyzed by flow cytometry profiling based on CD36 [the thrombospondin receptor (Chen et al., 2007) ] and CD235a (glycophorin A) expression and by morphological observations of cytocentrifuged smears (Shandon, Astmoor, UK) stained with May-Grünwald-Giemsa (Sigma).
RNA Isolation and Quantitative RT-PCR
Total RNA was isolated from 10 6 cells using TRIzol (Invitrogen, Carlsbad, CA) and reverse transcribed with the high-capacity cDNA archive kit (Applied Biosystems, Foster City, CA), as described by the manufacturer. Quantitative real-time PCR was carried out in a Prism 7700 Sequence Detection System (Applied Biosystems), using the TaqMan Master Mix containing AmpliTaq Gold DNA polymerase. Conditions for HDAC1, GATA1, GATA2 and γ/(γ+β) mRNA quantifications were already described (Varricchio et al., 2011) . Each determination was performed in triplicate. mRNA levels were calculated with the 2 -ΔCt method and expressed in arbitrary units considering the 2 -ΔCt detected in controls as 1.
Western Blot (WB) and Immunoprecipitation (IP) studies
Whole cell extracts were prepared as described (Stellacci et al., 2009 ) and proteins (30 μg) separated on SDS-PAGE, transferred to nitrocellulose membranes which were then incubated with individual antibodies. The antibodies used in this WB study recognize pERK (#9101L Cell Signaling, Boston, MA, USA), ERK (#9102 Cell Signaling), anti-caspase-3 (#9662 Cell Signaling), GATA1 (C20 #1233 Santa Cruz Biotechnology, Santa Cruz, CA), EKLF (H-210 # 14034 Santa Cruz Biotechnology), ERα (HC-20 #543 Santa Cruz Biotechnology), GRα (H-300 #8992 Santa Cruz Biotechnology), HDAC1, HDAC2, and HDAC3 (#2062, #2540, #2632 Cell signaling), HDAC4 (#H9411 Sigma, Saint Louis, Missouri, USA), HDAC5 (#1439 Abcam, Cambridge, MA, USA), anti-p21 Cip (C-19 #33780 Santa Cruz Biotechnology), anti-p27 Kip1 (D696C12 #3686S Cell Signaling), GAPDH (#1616 Santa Cruz Biotechnology), Tubulin (#2144 Cell Signaling), Lamin B1 (#16048 Abcam) and HSP90 (#149 A/B Stress Mark Biosciences, Canada). The membranes were then incubated with appropriate horseradish peroxidase-coupled secondary antibodies (Calbiochem, San Diego, CA). Immune complexes were detected with an enhanced chemiluminescence kit (Amersham, Buckingamshire, UK). For IP studies, cell extracts (300-500 μg) were incubated with either anti-HDAC1, anti-HDAC5, anti-GATA1 or anti-EKLF antibodies overnight at 4°C with mixing and then with Ultralink Immobilized Protein A/G sepharose (Pierce Biotech, Rockford, IL) for 2 hr at room temperature. Immune complexes were dissociated by boiling the beads for 5 min in loading buffer, separated on SDS-PAGE, transferred to nitrocellulose membranes, and analyzed by WB with various antibodies, as indicated (Varricchio et al., 2011) . To increase specificity, EKLF was IP with a commercial antibody (H-210 #14034, Santa Cruz Biotechnology) and detected by WB with the 7B2 monoclonal antibody (Siatecka et al., 2010) . In selected experiments, cells were subjected to sub-cellular cell fractionation with the NE-PER nuclear and cytosolic extraction kit (Thermo Scientific, Rockford, IL).
In vitro HDAC1 and HDAC5 activity determinations
HDAC1 and HDAC5 complexes were purified by IP with anti-HDAC1 or anti-HDAC5 antibodies from erythroblasts (7.5 × 10 5 ) lysed in IP buffer (50 mM Tris-HCl pH 7.0, 180 mM NaCl, 0.15% NP-40, 10% glycerol, 1.5 mM MgCl2, 1 mM NaMO4, 0.5 mM NaF) with a protease inhibitor cocktail (P2714-1BTL, Sigma). IP with an irrelevant IgG (Santa Cruz Biotechnology) was used as negative control. The levels of HDAC activity in the IP were determined using radiolabelled 3 H-12 histone H4 peptides linked to streptavidin agarose beads as substrate, according to the supplier instructions (Upstate Biotechnology) (Mai et al., 2006) . Lysates from HeLa cells were analysed in parallel as control.
Statistical Analysis
Statistical analysis was performed by Anova test with the computer software Origin 5.0 for Windows (Microcal Software, Inc., Northampton, MA, USA).
RESULTS
Changes in HDAC content and activity during the maturation of human erythroblasts
This study was performed on erythroid cells generated in HEMA culture by mononuclear cells from cord blood or adult blood and induced to mature in the presence of EPO for 0-96 h. The phenotype of the cell populations analyzed is described in Figure 1A . Three populations were analyzed: a) cells at day 12-15 of HEMA culture (0 h of EPO exposure) that contain > 87% CD36 positive cells, ~50% of which express CD235a and have proerythroblast morphology; b) cells exposed to EPO for 24 h, the majority of which (>70%) are positive for both CD36 and CD235a and express orthochromatic erythroblast morphology; c) cells exposed to EPO for 48 h that are all positive for CD235a but 34% of them no longer express CD36 and have the morphology of polychromatophilic erythroblasts.
Human proerythroblasts contained robust levels of all HDACs analyzed ( Figure 1B ). With maturation, the content of HDAC1, HDAC2, HDAC3 and HDAC5 remained constant but that of HDAC4 decreased by 3-fold. Megakaryocytes (MK) expanded ex-vivo from three different donors also contained robust levels of HDAC1 but, by contrast with erythroid cells, contained robust levels of HDAC4 but undetectable levels of HDAC5 ( Figure 1C ).
Robust levels of H 3 -acetyl release activity were detected in IP with either anti-HDAC1 or anti-HDAC5 antibodies from human proerythroblasts (Table I) . With erythroid maturation, the H 3 -acetyl release activity of IP with anti-HDAC1 antibodies increased >30% while that of IP with HDAC5 decreased by >80%. Since HDAC5 alone exerts a minor if any histone deacetylation activity Lahm et al., 2007) , decrements in enzymatic activity of the HDAC5-IP likely reflect decreased association with its HDAC3 partner. In agreement with this hypothesis, robust levels of HDAC3 were IP with HDAC5 antibodies from the erythroid HEL cell line (data not shown).
In conclusion, during the maturation of human proerythroblasts, the content and activity of the class I HDACs investigated remained constant and even increased while the content (HDAC4) or activity (HDAC5) of class IIa containing complexes decreased.
Nucleus/Cytoplasm localization of HDACs, EKLF and GATA1 in primary erythroblasts and in erythroleukemic (K562 and HEL) and megakaryocytic (CMK and CMY) progenitor cell lines
To further characterize differences in HDAC content between erythroid cells and MK, the total, nuclear and cytoplasmic content of class I and class IIa HDACs of two erythroid (K562 and HEL) and two MK (CMK and CMY) progenitor cell lines were compared. Nuclear and cytoplasmic fractions from human proerythroblasts expanded from cord blood were also analyzed for comparison. Since EKLF is expressed in megakaryocyte/erythroid progenitors (Frontelo et al., 2007) and is localized both in the nucleus and in the cytoplasm of erythroid cells (Quadrini et al., 2008) , these experiments included determinations of the cytoplasm/nuclear distribution of EKLF and GATA1, as control ( Figure 1D and Supplemental Figure 1 ).
In proerythroblasts, as well as in erythroid cell lines, HDAC2 and GATA1 were localized mainly in the nucleus; HDAC1, HDAC3, HDAC5 and EKLF were localized mainly in the nucleus but detected also in the cytoplasm whereas HDAC4 was localized mainly in the cytoplasm ( Figure 1D ). By contrast, in progenitor MK cells, HDAC1, HDAC2 and GATA1 were detected only in the nucleus, HDAC4 and EKLF were localized mainly in the nucleus but detected also in the cytoplasm and HDAC5 was localized mainly in the cytoplasm ( Figure 1D and Supplemental Figure 1 ).
These results indicate that HDAC5 and HDAC4 are the class IIa HDAC mainly localized in the nucleus of erythroid and megakaryocytic cells, respectively while GATA1 and EKLF are mainly localized in the nucleus of both cell types.
Increased association between HDAC1 and GATA1 during erythroid maturation
As an estimate of changes in levels of NuRD complex occurring with erythroid maturation, a series of IP with HDAC1 and GATA1 antibodies followed by WB were performed with erythroid cells from cord blood and adult blood (Figure 2A ). WB analyses included EKLF, a factor known to bind GATA1 independently from the presence of DNA (Merika et al., 1995; Gregory et al., 1996) that may be indirectly associated with NuRD (Siatecka et al., 2011) , and determination of γ/(γ+β) mRNA expression ratios as control.
Robust levels of GATA1 were IP with antibodies for HDAC1 and conversely HDAC1 was IP with GATA1 from lysates of proerythroblasts obtained ex-vivo from both cord blood and adult blood. In both cases, the levels of HDAC1 IP with the GATA1 antibodies increased with maturation ( Figure 2A ).
As expected (Merika et al., 1995; Gregory et al., 1996) , EKLF was readily detected in IP with GATA1 antibodies (Figure 2 ) and conversely GATA1 was readily detected in IP with EKLF antibodies (data not shown). The amounts of EKLF in IP with GATA1 antibodies of erythroblasts from cord blood [γ/(γ+β) expression ratios 79%] were 2-times greater than those IP from adult blood cells [γ/(γ+β) mRNA expression ratios 28%]. With maturation, the amounts of EKLF IP with GATA1 antibodies remained constant in cord blood and increased in adult blood (Figure 2 and data not shown). In spite of numerous attempts, EKLF was never detected in IP with HDAC1 antibodies (Figure 2 ) and HDAC1 was never detected in IP with EKLF antibodies (data not shown). Therefore, it is unlikely that the association between EKLF and GATA1 was the consequence of an indirect association of EKLF with the NuRD complex.
These results indicate that proerythroblasts from cord blood and adult blood contain equivalent amounts of NuRD and that the content of this complex increases with maturation. They also identify an association between EKLF and GATA1 that may involve a HDAC complex still to be identified.
Identification of a novel HDAC complex formed by HDAC5, GATA1, EKLF and pERK
To clarify whether the complex formed by EKLF and GATA1 might include HDACs other than HDAC1, a series of IP with HDAC4 and HDAC5 followed by WB analyses for EKLF and GATA1 were performed (Figure 3 and data not shown). This analysis included pERK, a regulatory protein often associated with class II HDACs (Sengupta et al., 2004) , the estrogen receptor (ERα) as positive control of IP with the GATA1 antibody (Blobel et al., 1995; Blobel et al., 1996) , and the glucocorticoid receptor (GRα), as a negative control.
Robust levels of GATA1, EKLF and pERK were consistently detected in IP with HDAC5 antibodies. Conversely, HDAC5 and pERK were consistently present and HDAC4 never detected in IP with antibodies for both EKLF and GATA1 ( Figure 3A and data not shown).
The robust levels of EKLF observed in IP obtained with HDAC5 and GATA1 antibodies suggests that EKLF is directly associated with both proteins. This hypothesis was confirmed by performing a second IP with GATA1 antibody on the supernatant of the first IP with HDAC5 antibodies ( Figure 3B ). This second IP contained barely detectable levels not only of HDAC5 but also of GATA1 and EKLF, a strong indication that the first IP with HDAC5 antibodies had pulled down the majority of these proteins, including EKLF.
Although EKLF IP with all the different antibodies migrated with apparently similar motility (Figure 2 and 3A) , EKLF pulled down with GATA1 and HDAC5 antibodies may represent a subset of the protein that had undergone specific post-transcriptional modification(s). To test this hypothesis, the motility of EKLF pulled down with HDAC5 and GATA1 antibodies from cord blood-derived proerythroblasts and from HEL cells was compared with that of EKLF detected in total cell extracts from HEL and K562 cell lines ( Figure 3C ). Indeed, EKLF pulled down with the two antibodies from proerythroblasts migrated as a single band faster than the band detected in total cell lysates while that pulled down from HEL cells migrated as a double band, one corresponding to the band observed in total cell lysates and the other one corresponding to the band observed in pull down from proerythroblasts. These results suggest that EKLF associated with the HDAC5 complex may undergo post-transcriptional modifications and that the extent of these modifications may be regulated. Further experiments performed as part of a separate study will clarify whether these modifications are represented by de-acethylation and whether they are mediated by recruitment of HDAC3 to the complex.
To test the erythroid specificity of the association between GATA1, EKLF and HDAC5, IPs with the GATA1 antibody of lysates from cord blood-derived proerythroblasts, K562, HEL and CMK cells were probed by WB with EKLF and HDAC5. The GATA1 IP of all the erythroid cells analyzed contained great levels of both EKLF and HDAC5 while that from the MK progenitor CMK cell line did not ( Figure 3D ).
As expected (Blobel et al., 1995; Blobel et al., 1996) , ERα was detected only in IP with GATA1 antibodies and GR was not detectable.
In conclusion, these experiments identify a novel erythroid specific HDAC complex formed by HDAC5, GATA1, EKLF and ERK. On the basis of the biological activity of class IIa HDACs, this complex was defined as nuclear remodeling shuttle erythroid (NuRSERY).
The levels of ERK phosphorylation regulates the content of the components of the NuRSERY complex
To assess the function played by ERK phosphorylation on the formation of the NuRSERY complex, the content of HDAC5, GATA1 and EKLF in HEL and K562 cells exposed for 24 h to the ERK phosphorylation inhibitor U0126 [100 μM] and PD98059 [100 μM], or to the PI-3K inhibitor Wortmannin [100 μM] as control, was investigated (Figure 4) . The levels of pERK were greatly reduced by exposure to U0126 in both HEL and K562 cells, modestly reduced by exposure to PD98059 (an inhibitor known to be less potent than U0126) only in K562 cells and not affected by exposure to Wortmannin in both cell lines ( Figure 4A and B) . The great reductions in levels of pERK observed in HEL and K562 exposed to U0126 were associated with 5-fold reductions in the content of HDAC5, GATA1 and EKLF while the content of HDAC1 and HDAC4, analyzed as control did not change. By contrast, exposure to PD98059 or to Wortmannin did not alter the content of HDAC5, GATA1 and EKLF.
To clarify whether inhibition of ERK phosphorylation reduces the nuclear content of the different proteins, WB analyses of nuclei from K562 cells exposed to U0126 for 1, 2, 4, 6 and 24 h were performed ( Figure 4C ). U0126 reduced the nuclear levels of pERK within 1 h. However, reductions in HDAC5, GATA1 and EKLF content were not observed before 6 h. By 24 h, HDAC5 was still detected but GATA1 and EKLF were no longer detectable in the nuclei of these cells.
There results suggests that the levels of ERK phosphorylation regulate formation of the NuRSERY complex and retention of GATA1 and EKLF in the nuclei.
Identification of the biological function of NuRSERY
The availability of the crystal structure of the catalytic domain of the HDAC-like enzyme from the bacteria Aquifex Aeolicus (Finnin et al., 1999) allowed the definition of the pharmacophore model for HDACi and the synthesis of new generation HDACis with class specificity. By screening a library of more than 25 HDACis we identified APHA9, a class II-selective HDACi and UBHA24, a pan-HDACi, that were both capable to increase γ/(γ +β) globin expression ratio at levels similar to those induced by SAHA in erythroid cells obtained from healthy volunteers and thalassemic patients (Supplemental Figure 2 and Mai et al., 2007) . APHA9 exerted its effects by increasing both β-globin (modestly) and γ-globin (robust) mRNA while UBHA24 exerted its effects by reducing the levels of β-globin mRNA. Since this first publication, the class II-selectivity of APHA9 and the pan-inhibitory activity of UBHA24 have been confirmed in additional publications (Mai et al., 2003; Mai et al., 2005; Mai et al., 2007; Simonetti et al., 2007; Duong et al., 2008; Ragno et al., 2008) . The molecular structure and ID 50 on human HDAC1, HDAC4 and HDAC5 of these compounds is compared to that of the pan-HDACi SAHA in Figure 5A . Increases of γ/(γ +β) globin expression ratios by suppressing β-globin expression induced by UBHA24 are consistent with the ability of this compound to inhibit HDAC1 . By contrast, the complex changes in globin gene expression induced by the class II-selective HDACi APHA9 could not be explained with current knowledge on the biological activity of class IIa HDACs in erythropoiesis. The identification of NuRSERY suggested to us that APHA9 may increase γ/(γ+β) globin expression ratio because inhibition of HDAC5 activity altered the physiological balance between GATA1 and EKLF in erythroid cells. To test this hypothesis we first performed experiments to exclude that APHA9 does not inhibit HDAC1 indirectly, by suppressing its expression. Then we compared the levels of NuRSERY and of its individual components in erythroid cells induced to mature with or without APHA9 (or UBHA24 as control). Of note, progression of erythroid maturation was not altered by neither APHA9 nor UBHA24 ( Figure 5B ) while a 20% reduction in survival was observed only in cells exposed to UBHA24 (Supplemental Figure 2) .
The expression of HDAC1 mRNA in cells exposed to APHA9 and UBHA24 is compared in Figure 5C . These experiments included determinations of the expression of GATA2, a gene known to be suppressed by HDAC1-NuRD (Fujiwara et al., 2010; Yang et al., 2012) and GATA1, as control. Neither APHA9 nor UBHA24 altered the expression of HDAC1. UBHA24 significantly increased by 4-fold GATA2 expression but expression of this gene was not affected by APHA9. By contrast, expression of GATA1 was modestly (by 2-fold) reduced by APHA9 and modestly (2-fold) increased by UBHA24. These results indicate that APHA9 does not inhibit, neither direct or indirectly, HDAC1 activity in vivo.
To clarify whether exposure to APHA9 had modified the association among partners of NuRSERY, IP with GATA1 antibodies of immature erythroid cells and of erythroid cells induced to mature in the absence or presence of APHA9 or UBHA24 were performed ( Figure 6A ). These experiments provided also information on the levels of NuRSERY in erythroid cells at different stages of maturation. Robust levels of HDAC5 and EKLF were IP with GATA1 antibodies from proerythroblasts and from erythroid cells induced to mature with EPO for 4 days. The presence of UBHA24 did not affect the levels of HDAC5 and EKLF pulled down with the GATA1 antibodies. In contrast, GATA1, HDAC5 and EKLF were all barely detectable in IP with GATA1 antibodies of cells induced to mature in the presence of APHA9. These results suggest that exposure to APHA9 greatly reduces the presence of NuRSERY in erythroid cells.
The great reduction in GATA1 content observed in erythroblasts exposed to APHA9 for 4 days that had matured normally ( Figure 5B ) is in apparent contradiction with the observation that hypomorphic GATA1 mutations in mice delay maturation (Ghinassi et al., 2007) . This apparent contradiction may be due to the fact that in these experiments GATA1 content was measured only at the end of the maturation process and we have no information on what this content was during the first 6-2 h when the bulk of genes required for erythroid maturation are transcribed. The observation that treatment of K562 cells with U0126 reduced the nuclear content of HDAC5 and GATA1 after 6 h suggests that the GATA1 content may have been normal also during the first 6 h of exposure of proerythroblasts to APHA9.
The content of the partners of the NuRSERY complex in erythroid cells induced to mature with or without APHA9 or UBHA24 was further characterized by WB ( Figure 6B ). As expected, mature erythroid cells expressed 3-times more GATA1 and slightly reduced levels of EKLF than immature cells. Mature erythroid cells expressed barely detectable levels of pERK, the first element of cKIT signalling (Varricchio et al., 2012) , and this reduction may reflect the absence of SCF from the differentiation media. The presence of APHA9 reduced GATA1 content to barely detectable levels but did not alter the content of EKLF or induced pERK. By contrast, exposure to UBHA24 did not affect GATA1 content while reducing by 5-fold the content of EKLF and inducing ERK phosphorylation.
These results indicate that APHA9 deeply affects the content and association of the different components of NuRSERY.
Characterization of signaling pathways differentially regulated in erythroid cells by APHA9 and UBHA24
GATA1 exerts multiple controls on the biology of erythroid cells, including survival. In spite of barely detectable GATA1 content, erythroid cells exposed to APHA9 had normal survival rates while the survival of those exposed to UBHA24, which expressed normal levels of GATA1, was reduced by 20% [Supplemental Figure 2 and ]. Since the levels of GATA1 mRNA in cells exposed to APHA9 were modestly (2-fold) lower than normal ( Figure 5C ), experiments were performed to clarify the mechanism reducing GATA1 content in erythroid cells exposure to APHA9 and the GATA1-independent signaling pathways that may regulate survival of erythroid cells exposed to UBHA24. These experiments involved determinations of the levels of Caspase-3 activation, the enzyme responsible for GATA1 degradation (De Maria et al., 1999) , and the p21 and p27 content of immature erythroid cells and of erythroid cells induced to mature in the absence or presence of APHA9 or UBHA24 (Figure 7 ).
Erythroid maturation was associated with decreased levels of Caspase 3 activation and increased p21 (by 10-fold) and p27 (by 5-fold) content. Reductions in Caspase-3 activation may be in part responsible for the increased GATA1 content observed when erythroid cells mature ( Figure 6B ) while increased levels of p21 and p27 may be responsible for blocking proliferation of these cells (Zupkovitz et al., 2010; Dai et al., 2013; Jiang et al., 2013) . Exposure to APHA9 (lanes 3 and 4) decreased (by 4-fold) Caspase-3 activation, suggesting that the reductions of GATA1 content observed in the cells exposed to this HDACi ( Figure  6B ) were mediated by a Caspase-3 independent mechanism still to be identified. Exposure to APHA9 also reduced p21 (by 5-10-fold) and p27 (by 2-fold) content. Reduced p21 content, the p53 target protein (Papetti et al., 2010) , may explain why, in spite of their barely detectable GATA1 content erythroid cells treated with APHA9 have normal survival rates. Cells exposed to UBHA24 (lanes 5-6) expressed reduced activation of Caspase-3 but contained more (2-fold) p21 and less (5-to 10-fold) p27 than cells exposed to APHA9. The difference in p21 and p27 expression observed between cells exposed to APHA9 and UBHA24 may be responsible for the reduced cell survival observed in cultures supplemented with this compound (Dai et al., 2013 ).
In conclusion, class-II selective and pan-HDACi had different potency in activating death pathways in erythroid cells.
DISCUSSION
The data presented here identify NuRSERY, a novel erythroid-specific HDAC complex formed by HDAC5, GATA1, EKLF and pERK, and provide insights on the role played by class IIa HDACs in erythropoiesis.
With erythroid maturation, content (HDAC1, 2 and 3) and activity (HDAC1) of class I HDACs increased. Also association between HDAC1 and GATA1, a reflection of the content of the NuRD complex increased with maturation. By contrast, content (HDAC4) and activity (HDAC5) of class IIa HDACs decreased during the maturation of human proerythroblasts ( Figure 1 and Table I ). Reductions in HDAC5 de-acetylation activity are probably a reflection of decreased association with its HDAC3 partner. In addition, human proerythroblasts contained abundant levels of NuRSERY, a complex formed by HDAC5 with GATA1 and EKLF, the two major erythroid-specific transcription factors, and pERK, the first element of the SCF signaling pathway (Varricchio et al., 2012) (Figure 3) . With erythroid maturation, HDAC5, GATA1 and EKLF remained associated but the levels of pERK sharply decreased (Figure 6 ). Data on human embryonic kidney cells and osteosarcoma cells indicate that pERK mediates the phosphorylation of the nuclear localization domain of HDAC5 that activates the deacetylation activity of this enzyme. Since HDAC5 does not have deacetylation activity per se, this observation may reflect the fact that pERK, by facilitating the nuclear localization of HDAC5, favors its association with HDAC3. This interpretation suggests that the reduced levels of pERK observed in mature erythroid cells, by causing migration of HDAC5 in the cytoplasm, results in its dissociation from HDAC3 and are responsible for the reduced levels of lysine releasing activity observed in IP with HDAC5 antibodies from these mature cells (Table I) . Support for this interpretation is provided by the observation that exposure to an ERK1/2 inhibitor reduced the total and nuclear content of all the components of NuRSERY in erythroleukemic cell lines. Overall, these results suggest that complexes containing class IIa HDACs play a role more important than those containing class I HDACs in the control of early stages of erythroid maturation. We propose that NuRSERY promotes early stages of erythroid maturation by regulating the concentration and acetylation state of GATA1 and EKLF in the nucleus. In this process, HDAC5 plays direct and indirect roles. Its direct activity is to shuttle GATA1 and EKLF from the cytoplasm to the nucleus. Once NuRSERY is in the nucleus, HDAC5 determines deacetylation of GATA1 and EKLF indirectly by recruiting HDAC3 to the complex. This process is susceptible to two levels of controls. One level is regulated by the levels of ERK phosphorylation probaly induced by SCF and determines the shuttling activity of HDAC5 favoring the nuclear localization of NuRSERY ( Figure 1D and 4) . The other level, to be investigated in a dedicated study, controls the recruitment to the complex of HDAC3 and regulates the deacetylation levels of GATA1 and EKLF.
The association between GATA1 and EKLF, a reflection of the cell content of NuRSERY, was greater in proerythroblasts from cord blood than in those from adult blood (Figure 2 ). This observation suggests that NuRSERY may control globin genes expression. This hypothesis was confirmed by the observation that APHA9, a small molecule with class IIselective HDACi activity increased γ(γ+β) mRNA expression ratio (Supplemental Figure 2 and Mai el al., 2007) , and reduced GATA1 content and its association with other partners (EKLF and HDAC5) of the NuRSERY complex ( Figure 6 ). Since HDAC5 is responsible for deacetylation of GATA1 (Delehanty et al., 2012 ) necessary for nuclear retention (Greco et al., 2011) , it is likely that APHA9, by inhibiting HDAC5 activity, increased GATA1 acetylation determining its translocation and degradation in the cytoplasm reducing the levels of the protein detectable by WB (Figure 6 ).
Reductions in GATA1 content in response to APHA9 explain some of the complex effects exerted by this compound on globin gene expression. APHA9 increased both γ-globin (robustly) and β-globin (modestly) mRNA levels. Since GATA1 is the factor responsible for docking HDAC1-NuRD to the γ-globin locus that suppresses its transcription (Botardi et al., 2009) , reductions in GATA1 content were likely responsible for the increased γ-globin expression. However, GATA1 is also responsible for docking the acetylated form of HDAC1 ( Ac HDAC1)-NuRD to the β-globin locus that activates β-globin expression (Yang et al., 2012) . Therefore, reductions in GATA1 content should also reduce β-globin expression. However, in addition to the Ac HDAC1-NuRD complex, expression of the β-globin gene is activated by Ac EKLF (Sengupta et al., 2008) . The observation that EKLF is part of NuRSERY suggests that HDAC5, throw its association with HDAC3, may deacetylate not only Ac GATA1 but also Ac EKLF. We suggest that APHA9, by inhibiting HDAC5, increased the nuclear concentration of Ac EKLF inducing modest increases in β-globin expression. Additional proteomic analyses aimed to identify all the substrates of HDAC5 in erythroid cells are necessary to test this hypothesis.
The important role played by HDACs as epigenomic regulators of gene transcription and cell signaling and their susceptibility to chemical inhibition have inspired numerous studies exploring the therapeutic potential of HDACi not only as inducers of hemoglobin F expression in hemoglobinopathies (Higgs et al., 2012) but also in other disorders including cancer (Glozak et al., 2007) . In spite of the encouraging results obtained so far, all the clinical studies with HDACi are plagued by numerous side effects, the most prominent of which is anemia. The plasticity of the chemical structure of HDACi predicts that the identification of the mechanism(s) responsible for anemia in these therapies will allow identification of compounds beneficially lacking unwanted erythroid effects. The observation that in murine models HDAC2 is responsible for the nuclear condensation necessary for erythrocyte enucleation (Ji et al., 2010) provided a mechanism for the anemia induced by therapies with pan-or class I-selective HDACis. The signaling analyses presented in Figure 7 suggest that these HDACis may also determine anemia by activating the apoptosis pathway. In fact, the use of HDACi as apoptosis-induced agents in cancer therapy relays on the ability of these compounds to target p21 and p27 (Glozak et al., 2007) . The pan-HDACi UBHA24 targeted p21 and p27 and reduced survival also of erythroid cells. By contrast the class II-selective HDACi APHA9 increased p21 content, inducing apoptosis, in breast cancer cells (Duong et al., 2008) but did not reduce p21 expression nor affect survival of erythroid cells (Figure 7 and Supplemental Figure 2 ). The lack of apoptosis-inducing effects in erythroid cells observed with this compound suggests that class II-selective HDACis may be more suitable for epigenomic therapy of cancer than class Iselective or pan-HDACis.
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Refer to Web version on PubMed Central for supplementary material. . Both Tubulin and total ERK were analyzed as loading controls. Expected molecular weights are indicated on the left. Similar results were observed in three additional experiments. C) WB analyses of HDAC1, HDAC4 and HDAC5 content of megakaryocytes (MK) expanded ex-vivo from CD34 pos cells purified from three separate AB donors. The biological features of the cells are described in Varricchio et al., 2012. GAPDH was analyzed as loading control. D) WB analyses with the specific antibodies indicated on the right of nuclear and cytoplasmic fractions purified from proerythroblasts expanded from CB (Ery) and from erythroid (K562 and HEL) and megakaryocytic (CMK) progenitor cell lines.
In the case of the cell lines, total cell extracts (T) were also analyzed for comparison. The fact that HDAC1, HDAC2, HDAC3 and GATA1 were readily detectable in nuclear extracts but not in total cell extracts of the three cell lines likely reflects the low abundance of these proteins in these cells. Laminin B and HSP90 were analyzed as loading and contamination control. Expected molecular weights are indicated on the left. A) WB analyses with antibodies specified on the right of total cell extracts from HEL cells untreated or exposed for 24 h either to U0126 [100 μM] or PD98059 [100 μM], as indicated. GAPDH was used as loading control. Exposure to U0126, but not to PD98059 [100 μM], reduced the levels of ERK phosphorylation and the content of HDAC5 and GATA1 but did not affect the content of HDAC4 and HDAC1. B) WB analyses with antibodies specified on the right of total cell extracts from K562 cells untreated or exposed for 24 h to either U0126 [100 μM] or PD98059 [100 μM] (Exp I) and U0126 [100 μM] or Wortmannin [100 μM] (Exp II), as indicated. GAPDH was used as loading control. Exposure to U0126, but not to PD98059 or wortmannin, reduced the levels of ERK phosphorylation and HDAC5, GATA1 and EKLF content without affecting HDAC1 content. C) WB analyses with antibodies specified on the right of nuclear extracts from K562 cells untreated or exposed to U0126 [100 μM] for 1, 2, 4, 6 and 24 h, as indicated. Laminin B was used as loading control. Exposure to U0126 reduced the nuclear levels of ERK phosphorylation within 1 h and the nuclear content of HDAC5, GATA1 and EKLF by 6 h. HDAC5 was still detected but GATA1 and EKLF became barely detectable after 24 h of exposure to the inhibitor. These results are similar to those obtained with the equivalent HDACs purified from other human cell types (Duong et al., 2008; Mai et al., 2003; Mai et al., 2005; Ragno eta al., 2008) . B) Morphology of human proerythroblasts exposed to EPO for 0 or 96 h (4 days) either alone or in the presence of APHA9 and UBHA24. The presence of the HDACi did not affect progression of human erythroblasts to the polychromatophilic state after 4 days of exposure to EPO. The scale bar included in the micrograph corresponds to 35 μM. C) Real-time RT-PCR determination of the levels of GATA1, GATA2 and HDAC1 mRNA in erythroblasts exposed for 96 h to EPO either alone or in the presence of APHA9 (2 μM), and UBHA24 (0.2 μM). Results are presented as relative units with respect to cells exposed to EPO alone and are presented as mean (±SD) of values observed in three separate experiments. Values statistically different (p<0.05) from controls are indicated by *. A) IP with anti-GATA1 antibodies probed with antibodies against GATA1, HDAC5 and EKLF of whole cell extracts from human proerythroblasts (0 h) or from erythroblasts exposed for 96 h to EPO either alone or with APHA9 (2 μM), as indicated. Results obtained with cells exposed to UBHA24 (2 μM) are reported for comparison. The same cells as those analyzed in Figure  5 . B) WB analysis with antibodies specific for GATA1, EKLF, pERK and ERK of whole cell extracts from human proerythroblasts (0 h) or from erythroblasts obtained after 96 h of exposure to EPO either alone or in combination with increasing concentration of APHA9 or UBHA24, as indicated. GAPDH was analyzed as loading control. The expected molecular weights are indicated on the left. The same cells as those analyzed in A. WB analysis with antibodies for Caspase-3, p21 and p27 of whole cell extracts from human proerythroblasts (0 h) and from erythroblasts obtained after 96 h of exposure to EPO either alone or in combination with increasing concentration of APHA9 or UBHA24, as indicated. GAPDH was analyzed as loading control. The same cells as those analyzed in Figure 5 . Expected molecular weights are indicated on the left.
